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STUDllES OF TKE NEAR-FIELD NOISE 
PROPERTIES O F  A SMALL A I R  JET 
I. INTRODUCTION 
In 1963, Dr.  John E. Ffowcs Williams suggested t h a t  c e r t a i n  
p r o p e r t i e s  of the sound f i e l d  i n  the immediate v i c i n i t y  of a 
supersonic j e t  would be r e l a t e d  d i r e c t l y  t o  the p r o p e r t i e s  of  
t u rbu len t  eddies  wi th in  the  jet  .- I' 
t h e  case,  i t  provides a unique means f o r  studying turbulence 
wi th in  supersonic j e t s  by analyzing t h e i r  nea r - f i e ld  n c i s e  
p rope r t i e s .  From an a n a l y t i c a l  po in t  of view, a new t o o l  i s  
a v a i l a b l e  f o r  t he  s tudy  of  supersonic j e t s  and t h e i r  no i se  
f i e l d s  produced by devices  o f  considerable  p r a c t i c a l  importance, 
such as rocket  engines. From an experimental  po in t  of view, 
the  d i f f i c u l t i e s  o f  pene t r a t ing  a j e t  w i t h  instrumentat ion 
during turbulence s t u d i e s  a re  avoided. 
To the  e x t e n t  t h a t  t h i s  i s  
The Tangley Research Cen te r  of  t h e  Nat ional  Aeronautics and 
Space Administration (NASA/LaRC) has cont rac ted  wi th  Bolt  
Beranek and Newman Inc. (BBN) t o  p a r t i c i p a t e  i n  a j o i n t  
experimental  s tudy OZ t h e  r e l a t i o n s h i p s  pos tu la ted  by 
Ffowcs Williams. T h i s  study has been completed, and t h e  
r e s u l t s  a r e  repor ted  herein.  
The experimental  program was i n i t i a l l y  ou t l ined  by Dr. Ffowcs 
Williams, and he has provided pe r iod ic  comments on t h e  
experimental  r e s u l t s .  Measurements were performed w i t h  a 
small supersonic a i r  je t  i n  a f a c i l i t y  a t  NASA/LaRC. The 
d a t a  were processed, analyzed and repor ted  b y  BBN. 
I .  
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The conclusions and recommendations of t h i s  experimental  
program are summarized i n  Sect ion I1 of  t h i s  r epor t .  
Sect ion I11 provides a q u a l i t a t i v e  desc r ip t ion  of the phys ica l  
r e l a t i m s h i p s  which have been inves t iga t ed  between super- 
sonically-convected eddies  i n  j e t s  and t h e  near - f ie ld  no i se  
produced by such eddies.  The experimental  program and t h e  da t a  
acquired are summarized i n  Sec t ion  IV. (Most of the  a c t u a l  
data are i n  Appendix A. )  A d i scuss ion  of  the experimental  
resul ts  is given i n  Sect ion V. 
-2- 
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11. SUMMARY OF CONCLUSIONS AND FUZOMMENDATIONS 
A, Conclusions : 
1. The s p e c t r a l  and s p a t i a l - c o r r e l a t i o n  p r o p e r t i e s  of 
the noise  f i e l d  i n  the immediate v i c i n i t y  of a small a i r  je t  
have been recorded and analyzed over the frequency range from 
1000 cps t o  60,000 cps. 
2. The observed near - f ie ld  noise  p r o p e r t i e s  o f  the a i r  
j e t  appear q u a l i t a t i v e l y  t o  be r e l a t e d  t o  the  p r o p e r t i e s  of 
t u rbu len t  eddies  convected supe r son ica l ly  wi th in  the j e t  . 
T h i s  r e l a t i o n s h i p  appears  to hold f o r  the  mean convection 
v e l o c i t y  of the eddies ,  and f o r  t h e  mean eddy s ize .  
3. Anomalous s p a t i a l  c o r r e l a t i o n s  which were observed 
e a r l y  i n  t h e  experimental  program now appear t o  be expla inable  
by the  suppos i t ion  that  t h e  r e fe rence  microphone l o c a t i o n  f o r  
these s p a t i a l  c o r r e l a t i o n s  was il l-chosen. 
B, Recommendations : 
1. A considerable  amount o f  a d d i t i o n a l  information can be 
It i s  recommended tha t  such f u r t h e r  s tudy include:  
a. Processing o f  a d d i t i o n a l  s p a t i a l  c o r r e l a t i o n s  from 
obtained from f u r t h e r  study of t he  experimental  data now 
a v a i l a b l e .  
t h e  da ta  now recorded, b u t  using a base o r  
re ference  microphone p o s i t i o n  o t h e r  than  the one 
used t o  da te .  
b. More d e t a i l e d  a n a l y t i c a l  development of the sound- 
turbulence r e l a t i o n s h i p s  ou t l ined  i n  subsequent 
s ec t ions  of t h i s  r epor t ,  l ead ing  t o  a q u a n t i t a t i v e  
d e f i n i t i o n  o f  these r e l a t i o n s h i p s  which could have 
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c . Four ie r  t ransformation of  the c ross -co r re l a t ion  
r e su l t s  now a v a i l a b l e  t o  y i e l d  c r o s s  power spec t r a  
related d i r e c t l y  t o  the  propagating eddies.  
2. It i s  a l s o  recommended tha t  f u r t h e r  experimental  
s t u d i e s  with small supersonic jets be performed t o  c o n t r i b u t e  
t o  the c l a r i f i c a t i o n  and refinement of the r e s u l t s  repor ted  






Establishment o f  spa t i a l  c o r r e l a t i o n s  a t  e leva ted  
j e t  temperatures without microphone baffles.  
Measurement of  s p a t i a l  c o r r e l a t i o n s  a t  var ious 
ca l cu la t ed  Mach angles. T h i s  may lead t o  a 
correspondence between shadowgraphs and acous t ic  
data. It may also lead t o  t h e  establ ishment  of 
e f f e c t s  assoc ia ted  wi th  d i f f r a c t i o n  due t o  the 
d i s c o n t i n u i t y  i n  t he  speed of sound a t  the j e t  
boundary. 
Inves t iga t ion  o f  the  optimum l c c a t i o n  f o r  a 
spat ia l -c  o r r e  l a  t ion-ref erenc e -microphone p o s i t  ion 
1 along lines p a r a l l e l  t o  t h e  ,let ax is .  1 
S tud ies  of t h e  e f f ec t s  of varying such parameters 
as j e t  diameter, j e t  v e l o c i t y  (at, a f ixed je t  I 
temperature) and j e t  f l u i d .  
Further inves t iga t ion  of the  inf luence  o f  
instrumentation, including s t u d i e s  of t h e  effects 
of  microphone o r i e n t a t i o n  and microphone s ize .  
-4- 
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111. NOISE RADIATED BY SUPERSONIC EDDIES 
T h i s  s e c t i o n  provides a h e u r i s t i c  approach t o  the  sub jec t  of 
t h e  acous t i c  r a d i a t i o n  i n  the  near  and f a r  f ie lds  o f  a super- 
sonic jet. A comprehensive t h e o r e t i c a l  d i s s e r t a t i o n  on t h e  
sub jec t  has been avoided. Rather, the attempt here  i s  t o  
draw a coherent p i c t u r e  of the mechanism t h a t  i s  respons ib le  
f o r  genera t ing  the r ad ia t ion ,  and o f  those  f e a t u r e s  of  the 
r a d i a t i o n  which i n d i c a t e  t h a t  nea r - f i e ld  acous t i c  measurements 
can lead  t o  information on the f low.  
A. Boundary E f f e c t s  
Consider a d i s turbance  o r  source i n  a s t a t i o n a r y  f l u i d  medium. 
T h i s  source may be described by b(y-y ) p(y , t ) .  
b(x-jyo) has t o  d o  w i t h  the boundaries of t h e  source, which are 
assumed t o  b e  independent o f  t i m e ;  y 
o f  these boundaries; y is  t h e  p o s i t i o n  vec tor  va r i ab le ;  and t 
is  the time var iab le .  The c ross -co r re l a t ion  of t h e  d is turbance  
a t  p o s i t i o n  (y,t) i s  given by: 
The func t ion  
r\, -0 * 




where 4 and T are t h e  s p a t i a l  and temporal v a r i a b l e s  of the 
c o r r e l a t i o n .  
and normalizat ion of t h e  co r re l a t ion .  
r\, 
The bracke ts  < > i n d i c a t e  the proper  averaging 
The func t ion  B m o d i f i e s  the func t ion  P only i f  t he  c o r r e l a t i o n  
i s  taken a t  a p o s i t i o n x  which is  c l o s e r  t o  a boundary than  
t h e  c o r r e l a t i o n  d i s t ance  i n  t h e  same d i r ec t ion .  When the 
-5- 
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p o s i t i o n  
is  i l l u s t r a t e d  i n  Fig. 1, where t h e  source i s  assumed t o  be 
v i b r a t i o n  i n  a plate. (This analogy between r a d i a t i o n  f r o m  a 
v ib ra t ing  plate  and f rom e d d i e s  i n  a je t  is  developed f u r t h e r  
below. ) 
is  f a r  f r o m  any boundary, B reduces t o  uni ty .  Th i s  
B. 
In  consider ing t h e  e f f e c t  of  the  source on the surrounding 
medium, it is  convenient t o  t ransform t h e  func t ion  BP i n t o  
i t s  spatial  and temporal Fourier  components w i t h  r e spec t  to 
4 and T: 
Effec t  o f  the  S m r c e  on t h e  Surrounding Medium 
- 
where 
k = wavevector component a s soc ia t ed  wi th  5, 
r\, 
w = angular  frequency a s soc ia t ed  w i t h  z 
The symbol - over a funct ion denotes the Four ie r  transform o f  
t h i s  func t ion ,  and t h e  symbol +be tween two func t ions  denotes 
t h e  convolution of these  functions.  
It should be noted tha t  the  remarks made above wi th  r e spec t  
t o  t he  r o l e  t h a t  B p l a y s  i n  modifying P hold now f o r  the 
func t ion  %e.  
d i s t a n c e  of y 
Thus, only when y is wi th in  the c o r r e l a t i o n  - n4 
may Bs:- be d i f f e r e n t  f r o m  unity.  
-0 
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A s p e c t r a l  component of BP that w i l l  produce a s i g n a l  a t  an 
observat ion p o s i t i o n  ,x i n  the surrounding f l u i d  must obey 
c e r t a i n  s p e c i f i c  condi t ions.  These condi t ions  a r e :  
1. The wavevector & must be  po in t ing  i n  t h e  d i r e c t i o n  
def ined by ( x - ~ ) / / x - ~ ~ .  
-d * 
2. The s p e c t r a l  component of the source (k,w) must match 
a corresponding acous t ic  spectral component 
(&O*% = 1 k, !ao) i n  t h e  f l u i d  i f  it is  t o  a r r i v e  
unattenuated a t  the  observat ion pos i t i on ,  
s c r i p t  o i d e n t i f i e s  parameters a s soc ia t ed  with the 
f l u i d :  a, i s  the speed of  sound in the f l u i d . )  
degree of a t t e n u a t i o n  of  a l l  o ther  s p e c t r a l  components 
t ha t  s a t i s f y  condi t ion  l b u t  do not  match a co r re -  
sponding acous t i c  component i nc reases  w i t h  t h e  degree 




A one-to-one correspondence between a s p e c t r a l  component i n  
the source and the s i g n a l  a t  x can e x i s t  only when 
(k ,w)  = (lco,cuo), provided a time de lay  i s  taken i n t o  account, 
observat ion,  The correspondence fades  more and more a s  the  
i n e q u a l i t y  between the s p e c t r a l  component i n  t h e  source and 
the f l u i d  medium increases .  
- 
-d i.e. provided t '  = t - [ ~ - ~ l / a o  , where t I = t i m e  of 
This  matching requirement is i l l u s t r a t e d  w i t h  the  a i d  of 
Fig. 2, The s p e c t r a l  component (ke$,a) i n  the source i s  
p l o t t e d  i n  a s p e c i f i c  c ross  s e c t i o n  of the (k,u)-space. The 
o r i e n t a t i o n  o f  t h i s  crws s e c t i o n  is  def ined by t h e  angular  
coord ina te s  0 and Cp. 
source g ives  rise t o  f o u r  d i s t f n c t  s p e c t r a l  reg ions  i n  t h i s  
s p e c i f i c  space. 
and D. 
It is  assumed Tor  example t ha t  the 
These fou r  reg ions  a r e  denoted by A, B, C 
The c i r c l e s  about these  reg ions  i n  Fig. 2 i n d i c a t e  
-7 - 
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constant-power contours  where t h e  power decreases  with 
d i s t ance  from the center .  
as extending with decreasing s ign i f i cance  throughout the 
(The contours  should be thought of 
(k0@,'D) plane, 1 
The locus  of the acous t i c  spectrum corresponding t o  t h i s  
c r o s s  s e c t i o n  of t h e  spectrum c o n s t i t u t e s  a s t r a i g h t  l ine 
through the or ig in .  From the above argument it is  c l e a r  t h a t  
the s p e c t r a l  components assoc ia ted  wi th  A, B and C propagate 
s i g n a l s  i n  the f l u i d  t ha t  decay as the d i s t ance  from the 
source i n  the d i r e c t i o n  (e,@) i s  increased. The d is turbance  
due t o  A i n  t h i s  case  decays more than tha t  due t o  B. O n  the 
o t h e r  hand, a f r a c t i m  o f  the s p e c t r a l  components i n  D 
genera tes  s i g n a l s  t h a t  propagate without a t t e n u a t i o n  t o  t h e  
f a r  f i e l d .  Other s p e c t r a l  components i n  D a t t e n u a t e  
r e l a t i v e l y  s l i g h t l y  a s  t h e y  t r a v e r s e  the f l u i d  medium. 
The s p e c t r a l  componeiits i n  D are c a l l e d  "propagating waves, 11 
and those i n  A, B and C a r e  c a l l e d  %on-propagating waves. I I  
The l a t t e r  waves r e g i s t e r  s i g n a l s  i n  the  near  and intermediate  
f i e l d s  which a r e  dependent on t h e  degree of mismatch that they  
possess  with r e spec t  t o  an acous t i c  wave. Thus, f o r  example, 
same o f  the  s p e c t r a l  components i n  D induce f a r - f i e l d  
r a d i a t i o n ;  o t h e r  components propagate not  q u i t e  so  e f f i e i c n t l y ,  
and a r e  somewhat a t tenuated  wi th  d is tance .  Assume t h a t  
s p e c t r a l  components assoc ia ted  w i t h  B and C propagate as  f a r  
a s  t h e  in te rmedia te  f i e l d ,  and of course s p e c t r a l  components 
assx ia ted  wi th  D t ransverse  the intermediate  f i e l d  on the i r  
way t o  the far-field.  Thus, t h e  in te rmedia te  f i e l d  i s  made 
up o f  s p e c t r a l  components assoc ia ted  w i t h  the  source s p e c t r a l  
components belonging t o  B, C and D. F ina l ly ,  the  near  f i e l d  
c o n s i s t s  o f  s p e c t r a l  camponents a s soc ia t ed  wi th  t h e  source 
s p e c t r a l  components i i l  A ,  B, C and D. Because of d i f f e r i n g  
-8 - 
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a t t e n u a t i o n s  and speeds of propagation, there i s  no c l o s e  
resemblance between the  spectrum o f  the source and the 
acous t i c  near  and intermediate  f i e l d s  t h a t  it generates .  
Mweover, t h e  s p e c t r a l  conten ts  i n  t h e  acous t ic  near  and 
in te rmedia te  f i e l d s  a r e  a s t rong  func t ion  o f  d i s t a n c e  f r o m  
t h e  source. There is, however, some resemblance between t h e  
s p e c t r a l  components i n  the fa r  f i e l d  and the  s p e c t r a l  compo- 
nents  of t h a t  p a r t  of  the source denoted by D, 
Fig. 2 p e r t a i n s  t o  the r a d i a t i o n  f i e l d  a s soc ia t ed  w i t h  a 
" s ing le  f i e l d  po in t "  in the  source, the  poin t  (x , t ) .  
t o  determine t h e  s i g n a l  t o  be expected from an ex tens ive  
source a t  a given poin t  i n  the f i e l d  of observat ion,  t h e  
s i g n a l s  a r r i v i n g  a t  t h i s  po in t  f r o m  t h e  var ious  p o i n t s  i n  the 
source f i e l d  must be added, t ak ing  proper account o f  t h e i r  
magnitudes and phases. 
and the phases allow Cor t h e  var ious  d i f f e r e n t  times involved 
i n  t h e  propagation o f  the s i g n a l s  t o  the p o i n t  o f  observat ion.)  
It i s  n o t  d i f f i c u l t  t o  v i s u a l i z e  t h a t ,  i n  genera l ,  t h e  s i g n a l  
s3 abtained a t  a given point  of observat ion w i l l  be h igh ly  
complex. Moreover, t h e  c o r r e l a t i o n s  between d i f f e r e n t  p o i n t s  
i n  the observat ion f i e l d  do  not  gene ra l ly  reproduce t h e  source 
co r re l a t ion .  Furthermore, i f  t h e  poin t  or" observat ion i s  
chosen i n  t h e  i 'ar-field,  the s i g n a l s  received t h e r e  are 
generated only by a very small f r a c t i o n  of  the t o t a l  s p e c t r a l  
components i n  the s3urce. T h i s  f r a c t i o n  i s  no t  l i k e l y  t o  
r e f l e c t  t h e  s p e c t r a l  content  o f  the  source (e.g, i n  Fig. 2 the  
s p e c t r a l  components in D alone hardly represent  t h e  s p e c t r a l  
conten t  o f  the  source cons i s t ing  of reg ions  A B C and C . )  
In o r d e r  
(The magnitudes allow f o r  a t t enua t ion ,  
There e x i s t ,  however, important cases  where t h e  above con- 
c l u s i o n s  do n o t  apply. I n  t hese  cases  t h e r e  is  a c l o s e  
c o r r e l a t i o n  between the  s p e c t r a l  components i n  t h e  source 
-9 - 
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and the s p e c t r a l  components of  the s i g n a l  a t  a po in t  of 
observation. Furthermore, t h e  c o r r e l a t i o n s  i n  t h e  r e d i a t i n g  
s p e c t r a l  components o f  the source a r e  somewhat reproduced i n  
t h e  f i e l d  o f  observation. This r e p o r t  i s  p r i m a r i l y  concerned 
wi th  these  s p e c i a l  cases.  In  order  t o  c l a r i f y  t h e  condi t ions  
t h a t  must be s a t i s f i e d  t o  produce such except iona l  cases ,  a 
s p e c i f i c  example, t h a t  o f  t h e  v i b r a t i n g  i n f i n i t e  p l a t e ,  is  
considered. 
C. Radiat ion f r o m  a Vibrating P l a t e  
Assume a single-frequency t r a v e l i n g  wave i n  a p l a t e  propagat- 
ing i n  t h e  p o s i t i v e  y-direct ion,  a s  i nd ica t ed  i n  Fig. 3. 
I n  t h i s  two-dimensional problem t h e  c o r r e l a t i o n  a t  any poin t  x 
i s  e s s e n t i a l l y  the  same as the v i b r a t o r y  f i e l d  i tself ,  
r e q u i r i n g  only a s i n g l e  s p e c t r a l  component t o  spec i fy  it. 
the  phase speed a of t h e  t r a v e l i n g  wave i s  less  than  the P 
speed of sound i n  the f l u i d  medium, matching cannot be 
e f f e c t e d  between the t r a v e l i n g  wave on the p l a t e  and a propa- 
g a t i n g  wave i n  the f l u i d .  I n  t h i s  case,  the s p e c t r a l  
components on the p l a t e ,  viewed a t  a l l  angles ,  l i e  below the 
l o c u s  o f  the  acous t i c  s p e c t r a l  components, thus  g iv ing  r i se  
t o  nea r - f i e ld  s i g n a l s  only. When the phase speed a exceeds P 
the speed of sound i n  the f l u i d ,  matching can be e f f ec t ed .  
T h i s  matching occurs a t  a p a r t i c u l a r  angle  8 a s  i l l u s t r a t e d  
i n  Fig. 3b. At smaller angles  the  s p e c t r a l  component l i es  
above the acous t i c  locus l i n e  a s  shown i n  Fig. 3c. 
ang le s  the s p e c t r a l  component l i e s  below the acous t i c  locus 
line, a s  shown i n  Fig. 3a. 
If 
A t  l a r g e r  
It i s  c l e a r  then t h a t  if one observes t h e  acous t i c  f i e l d  a t  
a somewhat d i s t a n t  po in t ,  so tha t  hk [ see  Fig 3.1 exceeds 
un i ty ,  the  acous t i c  s i g n a l  i s  h ighly  d i r e c t i o n a l  and a r r i v e s  
a t  t h i s  f i e l d  po in t  f r o m  e s s e n t i a l l y  a s i n g l e  poin t  on the 
-10- 
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p l a t e ;  no in t e r f e rence  of waves occurs  a t  t h i s  f i e l d  poin t  
due t o  s i g n a l s  a r r i v i n g  f rom many p o i n t s  on the  plate. 
Moreover, the c o r r e l a t i o n  i n  the acous t i c  f i e l d  along a plane 
p a r a l l e l  t o  t h e  p l a t e  and a t  a height  h above the plate  i s  
e s s e n t i a l l y  a r e p l i c a  of the  c o r r e l a t i o n  of  the  v i b r a t i o n a l  
motion on the  p l a t e .  
correspondence between the f i e l d  on t h e  p la te  and on t h i s  
plane i n  t h e  acous t i c  f i e l d .  
Thus there e x i s t s  e s s e n t i a l l y  one-to-one 
The d i r e c t i o n a l i t y  of  t h e  acous t ic  waves can a l s o  be deciphered 
by c o r r e l a t i o n  measurements, 
by 8 i n  Fig. 3, t h e  s p a t i a l  and temporal v a r i a b l e s  are r e l a t e d  
by  x1-x2 = ao(t l - t2)  where x1 and x2 a r e  two acous t i c  f i e l d  
p o s i t i o n s  and tl-t2 is  the t i m e  delay between the  times of 
neasurement a t  x1 and x 
t i on .  
poor c o r r e l a t i o n s .  
In the  proper  d i r e c t i o n  def ined 
respec t ive ly ,  f o r  maximum c o r r e l a -  
Measurements a long a l i n e  no t  def ined  by 0 w i l l  y i e l d  
2, 
D. Radiat ion from a Supersonic Jet 
Although the example o f  the  v i b r a t i n g  p l a t e  i s  r a t h e r  an 
i d e a l i z e d  case,  there a r e  many similari t ies between the 
f e a t u r e s  o f  t h e  r a d i a t i v e  f i e l d  i n  t h a t  case and i n  t h e  case  
o f  supersonic jet f low.  I n  examining the case  o f  t he  jet, it 
is conveizient t o  ignore t h e  e f f e c t s  of the f i n i t e n e s s  o f  the 
f low boundaries on the spectral  con ten t s  of the source. T h i s  
assumption may be p a r t i a l l y  j u s t i f i e d  i f  the observat ion 
p o i n t s  are chosen s o  t h a t  the con t r ibu t ion  from regions  c l o s e  
t o  a boundary form a minor po r t ion  of t h e  signal. 
t i o n a l  assumption i s  made that t h e  flow i s  confined t o  a 
c y l i n d r i c a l  shape, a s  ind ica ted  i n  Fig. 4. Fina l ly ,  it i s  
assumed tha t  t he  flow has e s s e n t i a l l y  a single convective 
v e l o c i t y  Uc i n  t h e  pos i t i ve  y-direct ion.  
symmetry of t h e  flow, it i s  s u f f i c i e n t  t o  denote t h e  acous t i c  
f i e l d  by a single angle  e, a s  i s  ind ica ted  i n  Fig. 4. 
The addi-  
Because of  t h e  
-11- 
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A t y p i c a l  s p e c t r a l  c ros s  s e c t i o n a l  p l o t  of a given po in t  i n  
the source f i e l d  on t h e  (&,a)-space i s  the lower h a l f  of 
Fig. 4.L' The maJo;-ity of  the power i s  a t  A. Under the 
condi t ion  i l l u s t r a t e d  i n  Fig. 4, it is  seen t h a t  only t h e  very 
low wavenumbers o f  the source s p e c t r a l  components w i l l  r a d i a t e  
t o  t h e  far-f ie ld  i n  t he  0 d i rec t ion .  Most of the s p e c t r a l  
components i n  the source generate  a nea r  f i e l d  only. If Uc i s  
smaller than  a, (ao i s  the speed of sound i n  the acous t i c  
medium i n  which the jet i s  immersed), then no d i r e c t i o n  can 
be found f o r  which the concentrated power of the s p e c t r a l  
components (e.g. i n  r eg ion  A )  can r a d i a t e  t o  the far-field.  
This  i s  analogous t o  t he  s i t u a t i o n  o f  r a d i a t i o n  from Region A 
in Fig. 2. The acous t i c  f i e l d  a t  any l o c a t i o n  d i s t a n t  from 
t h e  source w i l l  bear l i t t l e  resemblance t o  the  source. 
Moreover, the e f f i c i e n c y  with which the source radiates t o  
the fa r - f ie ld  i s  rather  low. Most o f  the  acous t i c  d i s turbance  
i s  confined c l o s e  t o  t h e  source, i n  t he  near  f i e l d .  This  near  
f i e l d  a l s o  bears l i t t l e  resemblance t o  the source, even a t  
s h o r t  d i s t a n c e s  away from the source point .  
Thep lc tu rechanges  r a d i c a l l y  when Uc i s  allowed t o  exceed the  
speed of sound (Uc/a,>l), f o r  now there e x i s t s  a d i r e c t i o n  9 
such t h a t  t h e  concentrated power of the s p e c t r a l  components 
can  be  made t o  match an acous t ic  r a d i a t i o n  condi t ion ,  as 
i l l u s t r a t e d  i n  Fig. 5. The i s s u i n g  r a d i a t i o n  i n  t h i s  case 
i s  termed "Mach Waves", and the  d i r e c t i o n  0 is the "Mach 
Angle". 
i n  the i n f i n i t e  p l a t e  (Fig. 3) i s  apparent. 
The analogy between t h i s  s i t u a t i o n  and the s i t u a t i o n  
O f  course,  i n  t h i s  p r a c t i c a l  case  some contamination of t he  
a c o u s t i c  f i e l d  i s  caused by s i g n a l s  generated by small- 
wavenumber components which a r e  usua l ly  present  i n  t h e  source. 
Also, un l ike  the  case i n  t h e  i n f i n i t e  plate,  no t  a l l  t he  
-1 2- 
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s p e c t r a l  components i n  the source bear a simple r e l a t i o n s h i p  
t o  the s p e c t r a l  components i n  a s i n g l e  c r o s s  s e c t i o n a l  plane 
or" the (&,u)-space, although it appears reasonable  t h a t  some 
c l o s e  r e l a t i o n s h i p  may e x i s t ,  
Thus, on a c y l i n d e r  i n  the acous t ic  f i e l d  concent r ic  wi th  t he  
flow cy l inde r  but  having a l a r g e r  rad ius ,  t h e  acous t i c  f i e l d  
should bear c l o s e  resemblance t o  some of the s p e c t r a l  compo- 
nen t s  o f  t he  source i n  the  sense t h a t  c o r r e l a t i o n  measure- 
ments on the  cy l inde r  i n  the acous t ic  f i e l d  should dup l i ca t e  
t o  some degree the corresponding c o r r e l a t i o n s  i n  t h e  source. 
The s i g n a l s  due t o  t h e  s p e c t r a l  components i n  t h e  source 
belonging t o  d i f f e r e n t  l oca t ions  i n  the  source should not  
i n t e r f e r e  i n  the acous t i c  f i e l d  t o  a s i g n i f i c a n t  degree. 
i n  the  example of t h e  v ib ra t ing  p l a t e ,  the  s i g n a l s  from 
d i f f e r e n t  l o c a t i o n s  i n  the source are highly  d i r e c t i o n a l  and 
t h e i r  d i r e c t i o n s  a r e  e s s e n t i a l l y  the same, t hus  avoiding the 
p o s s i b i l i t y  o f  s u b s t a n t i a l  i n t e r f e r e n c e  e f f e c t s .  ) 
(As 
The d i r e c t i o n a l i t y  of t h e  f i e l d  can be determined i n  a manner 
analogous t o  the s i t u a t i o n  o f  t h e  plate.  T h i s  measurement 
f u r n i s h e s  the value o f  e, and hence o f  Uc. 
The source system has been idea l i zed  by assuming t h a t  the flow 
of  j e t s  possesses a single convective v e l o c i t y  Uc. 
p r a c t i c e ,  the f l o w  possesses a narrow b u t  f i n i t e  spectrum of  
v e l o c i t i e s .  
v e l o c i t i e s  w i l l  tend t o  smear t h e  d i r e c t i o n a l i t y  o f  the 
a c o u s t i c  s i g n a l  emanating from a given p o s i t i o n  i n  the source. 
T h i s  can be deduced a s  follows: 
ponents a t  a given p o s i t i o n  i n  the source and belonging t o  a 
given convective v e l o c i t y  Uci. 
w i l l  genera te  acous t ic  s i g n a l s  predominantly i n  a 
In 
The e f f e c t  of t h i s  f i n i t e  spectkum of  convective 
Consider t he  s p e c t r a l  com- 
These s p e c t r a l  components, i f  
uc i>ao , 
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d i r e c t i o n  given by cos  Bi = ao/Uci. Thus i f  s e v e r a l  convec- 
t i v e  v e l o c i t i e s  e x i s t  simultaneously a spread, 6ei i n  angle, 
and hence in d i r e c t i o n a l i t y ,  w i l l  r e s u l t ,  The e f f e c t  of a 
l o s s  i n  d i r e c t i o n a l i t y  is  t o  cause i n t e r f e r e n c e  i n  the acous- 
t i c  f i e l d  and thus  des t roy  the c o r r e l a t i o n  between the  
supersonic source and t h e  acous t ic  f i e l d  t ha t  it generates .  
However, provided the spectrum i n  t h e  convective v e l o c i t i e s  
i s  narrow enough, and provided tha t  one takes measurements 
c lose  enough t o  t he  source,  the i n t e r f e r e n c e  does no t  develop 
enough t o  cause considerable  mixing of s i g n a l s  a r r i v i n g  a t  a 
given l o c a t i o n  i n  the acous t ic  f i e l d  from d i f f e r e n t  l oca t ions  
i n  the source. Th i s  i s  i l l u s t r a t e d  i n  Fig. 6. In t h i s  way a 
f a i r  resemblance w i l l  s t i l l  e x i s t  between t h i s  acous t i c  f i e l d  
and the  appropr i a t e  s p e c t r a l  components i n  t h e  source. 
E f f e c t s  a s soc ia t ed  wi th  the  gradual  decrease i n  t h e  mean 
convect ive v e l o c i t i e s  downstream are discussed in Sect ion  V. 
One f u r t h e r  po in t  of p r a c t i c a l  importance i s  tha t  related t o  
r a d i a t i o n  from the downstream por t ion  of the  exhaust f low 
(i.e,,  beyond about 10 diameters downstream o f  the  jet  e x i t ) .  
T h i s  f l o w  i s  subsonic even i f  the e x i t  v e l o c i t y  i s  supersonic.  
The volume occupied by the subsonic po r t ion  of t h e  flow may 
be cons iderably  larger t h a n  that occupied b y  t h e  supersonic 
por t ion .  Since t h e  r a d i a t i o n  f r o m  t h e  subsonic po r t ion  i s  
n o t  highly d i r e c t i o n a l ,  s i g n a l s  from it w i l l  interfere w i t h  
the  supersonic s i g n a l s  a t  a given l o c a t i o n  i n  t h e  acous t i c  
f i e l d .  Although the  r a d i a t i o n  e f f i c i e n c y  of subsonic flow i s  
low compared with that of the supersonic flow, i t s  l a r g e r  
volume may compensate f o r  t h i s  low e f f i c i ency ,  T h i s  argument, 
i f '  c a r r i e d  out  t o  i t s  conclusion, would support the f a c t  t ha t  
measurements i n  the acous t ic  f i e l d ,  t o  i n f e r  c o r r e l a t i o n s  i n  
the  supersonic flow, should b e  c a r r i e d  out  c l o s e  t o  the super- 
sonic  p o r t i o n  of t h e  flow. 
I *. 
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In conclusion then  it appears t h a t ,  i f  measurements of the 
acous t i c  f i e l d  a r e  c a r r i e d  o u t  i n  the "near f i e l d "  of a 
supersonic j e t  exhaust flow, t h e  sound so  measured w i l l  
con ta in  information regarding the p r o p e r t i e s  of  the flow. 
The condi t ions  t ha t  must be m e t  In orde r  t o  make such 
measurements f e a s i b l e  are as  fo l lows:  The flow must be super- 
sonic  in the sense that  t h e  convect ive v e l o c i t i e s  o f  the 
radiation-producing elements i n  t h e  flow ( the eddies) are 
greater than  the speed of sound i n  the f l u i d  medium i n  which 
t h e  flow is  immersed. The spectrum of these convective 
v e l o c i t i e s  must b e  narrow. 
It should be stressed again t h a t  t h i s  d i scuss ion  does not 
c o n s t i t u t e  a theory. A t  present  it i s  i n  the na tu re  of a 
f eas ib i l i t y  argument. Considerably more thought and work on 
t h i s  line of approach is  needed t o  c o n s t r u c t  a working theory. 
The func t ions  descr ib ing  t h e  behavior of t he  source r equ i r e  
more p r e c i s e  d e f i n i t i o n s ,  and the e f f e c t s  of boundaries on 
the s p e c t r a l  con ten t s  o f  a source po in t  must be determined 
wi th  some detai l ,  The a t t enua t ion  of the non-propagating 
s i g n a l s  should be a sce r t a ined  more p r e c i s e l y  s o  that  the 
optimum l o c a t i o n s  for measurements can be established. The 
r e l a t i o n s h i p s  that  e x i s t  between the s p e c t r a l  components i n  
t he  source and that f ract ion o f  them tha t  l i e  i n  a givzn 
c r o s s  s e c t i o n a l  plane o f  the (&,cu)-space should be determined 
wi th  some ca re ,  F ina l ly ,  a reasonable theory  t d  take account 
of the gradual  decrease i n  the  mean convective v e l o c i t i e s  as  
the  d i s t a n c e  downstream i s  increased must be  developed. 
-15- 
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N, THE EXPERIMENTAL PROGRAM 
A Experimental F a c i l i t y  ani! Instrumentat ion 
I n  order  t o  i n v e s t i g a t e  the  supposi t ions ou t l ined  i n  Sect ion I11 
an experimental  p r o g r m  was performed a t  the  model j e t  noise  
rese3rch  f a c i l i t y  a t  NASA/LailC. 
small  a i r  j e t  which i s  capable of continuous opera t ion  wi th in  
a l a r g =  anechoic space. The p r o p e r t i e s  of t h i s  j e t  f o r  t h e  
experiments reported here were: 
This f a c i l i t y  includes a 
J e t  e x i t  diameter:  
J e t  f l u i d :  
Je t  Temperature : 
2.54 cm (1 in . )  
a i r  
var ied from ambient 
t o  6 4 0 O C  
Sti l l ing-chamber pressure (gauge) : 3.17 x lo5 kg/m2 
(450 P S i d  
Je t  e x i t  Mach No,: 1.7 apprOX. 
The nozzle  design was optimized f o r  t h e  p a r t i c u l a r  p re s su re  
r a t i o  inves t iga t ed ,  so  t ha t  no shock p a t t e r n s  were c rea ted  
i n  t h e  reg ion  immediately downstream of the  j e t  e x i t .  
Shadowgraphs were taken t o  v e r i f y  t h e  nozzle design, and t o  
i n v e s t i g a t e  v i s u a l l y  the  r a d i a t i o n  o f  Mach waves from t h e  
supersonic  po r t ion  of t h e  j e t .  
Acoustic da t a  were acquired i n  the v i c i n i t y  o f  t he  j e t  e x i t  
w i th  p a i r s  o f  phase-matched 1/4 inch diameter condenser 
microphones (Bruel and Kjaer Type 4135). These da t a  were 
amplif ied by phase-matched s ignal-condi t ioning equipment and 
d i rec t - recorded  wi th  ar, Amp3x FR-600 magnetic tape  recorder ,  
* 
++ 
Because of  t he  n e c e s s i t y  f o r  c o r r e l e t i o n  analyses ,  phase 
matching was e s s e n t i a l .  
phase matching throughout t he  system was a s i g n i f i c a n t  
p o r t i o n  of the experimental e f f o r t .  
Achieving and maintaining t h i s  
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Numerous t e s t s  were performed a t  the o u t s e t  of t he  exper i -  
mental program t o  v e r i f y  the  phase-matching of t h e  da ta  
a c q u i s i t i o n  system, t o  maximize the  system signal-to-noise 
r a t i o  (and t o  minimize inter-channel c r o s s  t a l k ) ,  and t o  
record on the da ta  t apes  a r t i f i c i a l  s i g n a l s  which would enable  
adjustment of the processing system f o r  optimum 
response. These tests were repeated from time t o  t i m e  during 
subsequent experimentation in  order  t o  v e r i f y  cons is tency  of 
sys  tern performance. 
I I  end-to-end'' 
A l l  da ta  recordings were processed by BBN with analog spectrum 
a n a l y s i s  equipment and an analog c r o s s - c o r r e 1 a t o r . g  The da t a  
t apes  were reproduced a t  1/4 speed i n  o r d e r  t o  s t a y  wi th in  the  
bandwidth c a p a b i l i t i e s  o f  t he  processing system. 
Adjustments were made i n  the phase and amplitude response 
c h a r a c t e r i s t i c s  of t h e  processing system t o  p a r t i a l l y  com- 
pensate  f o r  t h e  c h a r a c t e r i s t i c s  of o t h e r  po r t ions  o f  the 
e n t i r e  system. This included equa l i za t ion  of those system 
phase c h i f t s  which were a non-linear func t ion  o f  frequency. 
(Phase sh i f t s  which were a l i n e a r  func t ion  o f  frequency were 
co r rec t ed  by a s h i f t  i n  t h e  time de lay  s c a l e  of the c r o s s  
c o r r e l a t i o n s .  T h i s  co r rec t ion  was approximately 1.5 
microseconds.) The end-to-end system response abtained is  
i l l u s t r a t e d  on Fig. 7. 
lower s o l i d  curve) was down about 10 db a t  35,000 cps, due t o  
microphone s e n s i t i v i t y  and cable  lo s ses .  T h i s  was compensated 
du r ing  processing t o  y i e l d  an e f f e c t i v e  f l a t  response (+? db)  
t o  40,000 cps. 
would inf luence c ros s -co r re l a t ion  analyses ,  was compensated t o  
a t  l e a s t  50,000 cps. This  i s  ind ica ted  on Fig. 7 by t h e  
agreement of the 
r e c t a n g l e s )  w i t h  the responses of "Channel A "  and "Channel B". 
The recording system response ( t h e  
The phase response, t o  t h e  ex ten t  t h a t  it 
11 system response" curve (marked wi th  small  
I -. 
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In some cases ,  c r o s s  c o r r e l a t i o n  r e s u l t s  were computed not  
only w i t h  broad-band da ta ,  b u t  a l s o  with t h e  same da ta  
f i l t e r e d  i n t o  two s p e c t r a l  regions above and below 20 kc. 
Phase-matched p a i r s  o f  high-pass and low-pass f i l t e rs  were 
used  f o r  t h i s  purpose. 
B, Measurement Configurations 
Three sepa ra t e  measurement programs were conducted a t  
NASA/Z;aRC, 'One o f  these  was over  the period 16-19 February 
1965 and involved observat ions o f  a j e t  ope ra t ing  a t  ambient 
temperature. The o t h e r  two occured i n  the period 17-26 May 
1965, These l a t t e r  involved first an ex tens ive  s e r i e s  o f  
measurements during 17-20 May wi th  a loudspeaker sound source 
i n  o rde r  t o  i n v e s t i g a t e  s c a t t e r i n g  by microphones and t h e  
e f f e c t s  o f  microphone g r i d s  a s  poss ib l e  sources  of exper i -  
mental a r t i f a c t s ,  Secondly, t h e  program concluded during 
20-26 May w i t h  a se t  of j e t  no i se  measurements a t  var ious  je t  
cernperatures. 
The measurement p o i n t s  a t  which observat ions were taken on 
16-19 February a r e  i l l u s t r a t e d  on Fig. 8. 
po in t  i s  i d e n t i f i e d  w i t h  a number from one t o  29. These 
measurement po in t s  were se l ec t ed  t o  s a t i s f y  f o u r  ob jec t ives :  
Each observat ion 
1, P o s i t i o n s  1 through 7 were on a l i n e  p a r a l l e l  t o  and 
two inches away f r o m  the  j e t  exhaust ax is .  Measure- 
ments taken a t  these p o s i t i o n s  were t ime-correlated 
i n  order  t o  examine the propagation and decay 
c h a r a c t e r i s t i c s  of the eddy-produced Mach waves. 
2. Measurement pos i t ions  23 through 28 were taken along 
a l i n e  inc l ined  a t  8' from the  v e r t i c a l  j e t  a x i s .  
Along w i t h  da t a  f r o m  p o s i t i o n s  1 through 7 ,  t hese  da ta  
cont r ibu ted  t o  a desc r ip t ion  o f  the "very near  f i e l d "  
j e t  noise  spectra .  
-18 - 
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3 .  Measurements a t  pos i t i ons  15 through 22 were taken 
a t  22 1 / 2 O  angular  increments from the je t  axis i n  
one quadrant of the je t  noise  f i e ld .  Observations 
were made a t  r a d i i  o f  10 and 20 inches from the c e n t e r  
of the je t  e x i t  plane. Along w i t h  da t a  from p o s i t i o n s  
7 and 21, t hese  measurements a r e  u s e f u l  f o r  desc r ib ing  
the near  f i e l d  d i r e c t i v i t y  c h a r a c t e r i s t i c s  of t he  je t ,  
4. Measurements were taken a t  p o s i t i o n  29, 55' from the  
je t  a x i s  and 8 inches from t h e  c e n t e r  of the j e t  e x i t  
plane,  i n  order  t o  examine t h e  e f f e c t  o f  microphone 
o r i e n t a t i o n  ( d i r e c t i v i t y )  on the apparent no ise  
spectrum, (See Fig. A-5)  
The tes ts  conducted on 17-20 May wi th  a loudspeaker sound 
s3urce had the following objec t ives :  
a, To determine whether o r  no t  a presumed I 1  microphone 
sca t t e r ing ' '  e f f e c t  was respons ib le  f o r  unexpected 
c o r r e l a t i o n  values  observed during the  previous je t  
no i se  study. 
b. To determine whether o r  no t  t h i s  d i f f i c u l t y  could be 
co r rec t ed  through the  use of a microphone baffle. 
C .  To i n v e s t i g a t e  the e f f e c t s  of microphone p r o t e c t i v e  
g r ids  on the data .  
The experimental  conf igura t ion  simulated t h a t  f o r  pos. 1 - 7 
on Fig. 8. 
s c a l e ,  That is, 1/2 Inch diameter microphones were used 
r a t h e r  t han  1/4 inch diameter microphones, and acous t i c  
f r equenc ie s  were sca led  down by a f a c t o r  of two. This  had 
the  advantages of r e l a x i n g  dimensional t o l e rances  and of 
e a s i n g  t h e  requirement f o r  loudspeaker high-frequency response. 
A l l  experiments were performed a t  twice the normal 
-19 - 
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A conventional loudspeaker d r i v e r  (without a horn) was used 
as  a sound source. T h i s  d r i v e r  was loca ted  approximately 
24 inches away from a po in t  1/2 inch  below the c e n t e r l i n e  of  
the uppermost microphme (Pos, 7) .  Octave bands o f  no ise  
centered  a t  12.5 kc and 25 kc, and l/3 octave bands of no i se  
cec te red  a t  16 kc were rad ia ted  from t h e  loudspeaker. Sound 
incidence upon the a r r a y  of two microphones was normal, 40' 
from normal, and e s s e n t i a l l y  grazing,  
A plywood microphone baffle was cons t ruc ted  with ho le s  d r i l l e d  
so  that microphones could be mounted wi th  the i r  diaphragms 
e s s e n t i a l l y  f l u s h  with the  baffle surface.  The tests men- 
t ioned  above were repeated wi th  the  ba f f l e .  
A l l  d a t a  were recorded so that subsequent process ing  could 
uncover any poss ib l e  microphone i n t e r a c t i o n  e f f e c t s ,  a s  w e l l  
a s  e s t a b l i s h  the effect  of the baffle. 
The J e t  no i se  observa t ions  o f  20-26 May were similar t o  those 
of 16-19 February, except t h a t :  
1. The j e t  was operated a t  ambient temperature, a t  37OoC 
(TOOOF), and a t  64OoC (120OOF). 
2. The microphones a t  p o s i t i o n s  where s p a t i a l  c o r r e l a -  
t i o n s  were desired were mounted i n  a baffle. These 
pos. 1-14 on Fig. 9. 
baff led-microphone" p o s i t i o n s  are indica ted  a s  I 1  
The measurement l o c a t i o n s  on Fig. 9 which correspond d i r e c t l y  
w i t h  those  of Fig. 8 have t h e  same p o s i t i o n  number. 
-20- 
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C. Experimental Data 
In general ,  t h e  spec t r a  o f  a l l  jet  no i se  da t a  were e s t a b l i s h e d  
i n  one-third octave bands, reduced t o  spectrum l eve l ,  and 
co r rec t ed  f o r  system response, In  add i t ion ,  t h e  d a t a  
acquired a t  pose 1 through 14 were au tocorre la ted .  The data 
from pos. 2 through 7 were then cross -cor re la ted  w i t h  r e spec t  
t o  pos. 1, and t h e  d a t a  from pos. 9 through 14 were c ross -  
c o r r e l a t e d  wi th  r e spec t  t o  pos. 7. 
The experimental  j e t  noise  data are contained i n  Appendix A. 
A l l  o f  the  s p e c t r a l  da ta  a re  included as  f i g u r e s  (designated 
by the  l e t t e r  A), and a l l  of t h e  c o r r e l a t i o n  data are tabu- 
la ted i n  Table T-1. Appracimately h a l f  o f  the c o r r e l a t i o n  
d a t a  are a l s o  included a s  f igu res ,  The remainder of t h e  
c o r r e l a t i o n  data are q u i t e  similar t o  those i l l u s t r a t e d ,  and 
t h e  a c t u a l  curves  have been omitted f o r  brev i ty .  Autocorrela- 
t i o n  func t ions  (which were determined f o r  convenience i n  
normalizing the  c ross -cor re la t ion  func t ions )  are n o t  repor ted ,  
f o r  they  dup l i ca t e  the information contained i n  t he  power 
spec t ra .  
The f i g u r e s  and/or t a b l e s  in Appendix A conta in ing  a pa r t i cu -  
l a r  j e t  no i se  data i t e m  can be loca ted  by re ference  t o  Table I. 
For instance,  curves  and t abu la t ions  conta in ing  data acquired 
a t  measurement p o s i t i o n  7 a r e  l i s ted  i n  t h e  row s t a r t i n g  on 
the l e f t  w i t h  the number 7. S imi la r ly ,  a l l  broad-band c ross -  
c o r r e l a t i o n  data acquired a t  64OoC with b a f f l e d  microphones 
are  contained i n  f igures  and tables  l i s ted  in  t h e  column 
headed with t h i s  designation. In  some cases ,  two i l l u s t r a t i o n s  
are  requi red  t o  present  a s i n g l e  c ros s -co r re l a t ion  func t ion  
extending out  t o  both pos i t i ve  and negat ive time delays. 
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I -- The r e s u l t s  of t h e  t e s t s  performed wi th  a loudspeaker noise  
source and microphone b a f f l e s  are summarized i n  Tables  T-2 
and 72-3 i n  Appendix A. 
D. Comments on t h e  Experimental Data 
The spec t r a  observed a t  ambient temperature and without a 
microphone baffle a t  pos i t i ons  1 through 7 a r e  p l o t t e d  on 
Fig. A-1. There is a gradual rise i n  spectrum l e v e l  (very 
roughly 5 dB t o  the inch)  a s  t h e  observat ion p o s i t i o n  i s  
moved away from t h e  j e t  e x i t  and para l le l  t o  the je t  ax i s .  
C l o s e  t o  t h e  j e t  e x i t ,  the  t y p i c a l  spectrum shape inc reases  
about 3 dB pe r  octave t o  a s t rong  peak i n  t h e  v i c i n i t y  of 
30-40 k l l m y c l e s .  Fur ther  away from the  j e t  e x i t  (e.g. 
p o s i t i o n  7) ,  a more t y p i c a l  j e t  no i se  spectrum i s  observed, 
a l though the  high frequency peak i s  s t i l l  i n  evidence. 
I n  t h e  reg ion  from 2 t o  3 k i locyc les  c l o s e  t o  the  j e t  e x i t ,  
an anomaly is evident  i n  t h e  s p e c t r a  on Fig. A-1.  It i s  
assumed tha t  t h i s  was due t o  r e f l e c t i o n s  f r o m  t h e  assembly 
used t o  mount the microphones. 
Spectra  observed a t  these  same p o s i t i o n s  w i t h  b a f f l e d  micro- 
phones are markedly d i f f e r e n t  (Fig. A - 6 ) .  Above 10,000 cps,  
t h e  40 kc peak previous ly  observed i s  no longer  i n  evidence. 
Below 10,000 cps, t h e  presence of  the  b a f f l e  i n c r e a s e s . t h e  
l e v e l s  3 - 4 dB above those observed without a baffle. 
In genera l ,  a s  t h e  j e t  temperature i s  increased (Figs. A-7 
and A - 8 ) ,  the  acous t i c  l e v e l s  a t  pos. 1 through 7 a l s o  
increase .  There i s  a marked increase  i n  noise  l e v e l  
( p a r t i c u l a r l y  a t  high frequencies)  as t h e  temperature i s  
-23 - 
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increased from ambient t o  37OoC (Fig. A-7). 
increase  is  noted as the  j e t  temperature i s  f u r t h e r  e leva ted  
t o  640OC. 
l e v e l  decreases  as  the temperature i s  Increased from 37OoC 
t o  64OOC. 
A smaller 
A n  except ion occurs a t  pos. 7, where the noise  
Observations were made a t  pos. 23 through 28 only with an 
ambient temperature j e t  and unbaff led microphones, ( F i g .  A-4) 
When these data are compared t o  those  i n  Fig, A-1, it is  
evident  t h a t  the s p e c t r a l  t r a n s i t i o n  t o  a lower-frequency peak 
observed on Fig. A - 1  continues f o r  measurement p o s i t i o n s  
f u r t h e r  removed from t h e  j e t  e x i t .  
l e v e l  i n  the reg ion  from 1000 t o  10,000 cps apparent ly  maxi- 
mizes in the v i c i n i t y  o f  measurement p o s i t i o n  7, f o r  the 
l e v e l s  on Fig. A-4 are a l l  lower than  those i l l u s t r a t e d  on 
Fig. A - 1  f o r  p o s i t i o n  7. 
However, t h e  spectrum 
The s p e c t r a  observed over one quadrant of  the jet noise  f i e l d  
are i l l u s t r a t e d  f o r  t h e  10 inch  r a d i u s  on Figs. A - 2  and A - 1 0 ,  
and f o r  the  20 inch  r a d i u s  on Figs. A-3 and A-11. I n  general ,  
the  no i se  l e v e l s  are highest  c l o s e  t o  the jet a x i s ,  and lowest 
a t  90' from the je t  a x i s ,  
g e n e r a l l y  (but  no t  always) lower on the  20 inch  r ad ius  than  
on the 10 inch  rad ius ,  The d i f f e r e n c e  i s  never as much as  
6 dB, however, i n d i c a t i n g  that the observa t ions  were a l l  
w i th in  the nea r  f i e l d  o f  t h e  je t  noise  source. 
Furthermore, the noise  l e v e l s  are 
The inc rease  of Jet  temperature from ambient t o  64OoC has the  
expected e f f e c t  of increas ing  the no i se  l e v e l s  i n  the l n t e r -  
mediate frequency range a t  pos. 15 through 22. The inc rease  
a t  p o s i t i o n  20 is, however, somewhat g r e a t e r  than  a t  the 
o t h e r  p o s i t i o n s  . 
.. 
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There appears t o  be  no s i g n i f i c a n t  d i f f e r e n c e  among the  spec t r a  
observed ( w i t h  ba f f l ed  microphones) a t  p o s i t i o n s  8 through 14 
(Fig. A - 9 ) .  
In  Drder t o  eva lua te  the  e f f e c t  of unbaffled-microphone 
o r i e n t a t i o n  on the no i se  spec t ra ,  a microphone was mounted a t  
p o s i t i o n  29 and measurements were made w i t h  two d i f f e r e n t  
microphone o r i e n t a t i o n s .  One o r i e n t a t i o n  was wi th  the  micro- 
phone diaphragm normal t o  a r a d i u s  from t h e  j e t  e x i t ,  and the 
o the r  was a t  90' t o  t h e  f i r s t  w i th  t h e  diaphragm p a r a l l e l  t o  
a r a d i u s  from the j e t  e x i t .  The d i f f e r e n c e  i n  these two 
o r i e n t a t i o n s  i s  i l l u s t r a t e d  on Fig. A-5. It i s  evident  from 
the  data t h a t  nicrDphDne o r i e n t a t i o n  i s  important above 
3 k i locyc les .  When the  microphone is  pointed a t  t h e  j e t  e x i t ,  
i t  i s  less s e n s i t i v e  t o  t h e  lower frequency j e t  no ise  compo- 
nents ,  and more s e n s i t i v e  t o  t he  40 k i locyc le  s p e c t r a l  peak. 
The d i f f e rence  is  as much a s  5 dB over the frequency range of 
i n t e r e s t .  
The i n i t i a l  c o r r e l a t i o n  results acquired a t  pos. 1 through 7 
(Fig.  A-12 through A-17) were q u i t e  d i sconce r t ing  a t  the time, 
They ind ica ted  t h e  s p a t i a l  c o r r e l a t i o n  c h a r a c t e r i s t i c  i d e n t i -  
f i e d  by large s o l i d  c i r c l e s  i n  Fig. 10. (The expected 
c h a r a c t e r i s t i c  would have been roughly an exponent ia l  decay 
wi th  separa t ion . )  T h i s  result  l ed  t o  s e v e r a l  hypotheses, 
one of  which was t h a t  each microphone was responding t o  sound 
scattered by i t s  pa r tne r  when the two were c l o s e  toge ther .  
I n  order  t o  t es t  t h i s  hypothesis, the  experiments mentioned 
previous ly  wi th  microphone baffles and a loudspeaker sound 
source were conducted. As can be seen f r o m  the curve marked 
w i t h  s o l i d  t r i a n g l e s  i n  Fig. 10, t h e  use o f  a microphone 
baff le  t o  suppress s c a t t e r i n g  d i d  no t  s i g n i f i c a n t l y  improve 
t h e  abnormal spa t ia l  c o r r e l a t i o n .  
-25- 
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It now appears that  t h i s  a r t i f a c t  was due t o  t h e  re ference  
rnicraphone (pos.  1) being t o o  c lose  t o  t h e  j e t  ex i t  plane f o r  
t he  Mach angle  ucde r  i n v e s t i g a t i o n  ( see  Sec t ion  1 1 1 - A  and 
Sec t ion  V). C lea r ly  (now!) the Hach angle  would have t o  have 
been g r e a t e r  than 45' f o r  any Nach waves t o  have a r r ived  a t  
p o s i t i o n  1. This was not  t h e  case a t  ambient j e t  temperatures,  
T h i s  i s  most l i k e l y  the cause o f  t h e  abnormal spa t i a l  c o r r e l a -  
t i o n s  observed a t  ambient J e t  temperatures para l le l  t o  the  
j e t  axis. It probably a l s o  exp la ins  why no c o r r e l a t i o n s  were 
observed along t h e  a r r a y  f r o m  pos. 8 through pos. 14. 
When t h e  je t  temperature was e l eva ted  t o  37OoC (Figs.  A-24 
through A-29) the Mach angle increased s u f f i c i e n t l y  s o  t ha t  
Mach waves could occur a t  pos. 1, This  produced t h e  expected 
c o r r e l a t i o n  decay c h a r a c t e r i s t i c ,  as ind ica t ed  on Fig. 10. 
S imi l a r  r e su l t s  were, of course, observed a t  a j e t  temperature 
of 64OoC. Reprocessing the e x i s t i n g  da ta  using pos, 2 o r  3 
as a re ference  poin t  would he lp  t o  v e r i f y  t h i s  explanation. 
A t  a t t e m p t  was made t o  approximate t h e  spec t r a  of the propa- 
g a t i n g  s i g n a l s  which prDduced t h e  c ros s -co r re l a t ion  peaks. 
T h i s  could only b e  done i n  broad s p e c t r a l  reg ions  above and 
be low 20 k i locyc le s  without encountering unwieldy phase 
matching problems. A t y p i c a l  se t  o f  results ( f m m  Figs.  A-24 
t h r o u g h  A-29 and Table T-1)  i s  i l l u s t r a t e d  on Fig. 11. These 
r e s u l t s  i n d i c a t e  t h a t  t h e  low-frequency s i g n a l s  have a s l i g h t l y  
longer  c o r r e l a t i o n  length  than the high frequency s igna l s .  
More detailed i n f o r m a t i m  could be obtained by Four ie r  t r a n s -  
formation of the  broad-band c ross -co r re l a t ion  func t ions ,  
-26- 
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The experiments conducted with a loudspeaker noise  source t o  
i n v e s t i g a t e  microphone s c a t t e r i n g  (Table T-2) revealed no 
p a r t i c u l a r  s c a t t e r i n g  d i f f i c u l t i e s .  The use a2 baf f l ed  
microphones lead t o  d i f f e ren t  but not  s i g n i f i c a n t l y  improved 
s p a t i a l  c o r r e l a t i o n  c h a r a c t e r i s t i c s .  Likewise, t h e  presence 
o r  absence of microphone p ro tec t ive  g r i d s  was found t o  have 
no e f fec t  (Table T-3). 
-27- 
I - -  
Report No, 1272 Bol t  Beranek and Newman Inc. 
V. THEORETICAL INTERPRETATION O F  THE EXPERIMENTAL 
RESULTS 
As t h e  d iscuss ion  i n  Sect ion I11 indica ted ,  the c o r r e l a t i o n s  
i n  the acous t ic  f i e l d  can lead t o  information concerning the 
c o r r e l a t i o n s  i n  t h e  flow. These c o r r e l a t i o n s  are r e l a t e d  t o  
those s p e c t r a l  components of t h e  flow tha t  r a d i a t e  Mach waves. 
Other s p e c t r a l  components are, in the  i d e a l  case,  absent .  
mdeed, it is assumed herein t h a t  the c o r r e l a t i o n s  of the 
r a d i a t i n g  components r ep resen t  adequately t h e  c o r r e l a t i o n s  of 
a l l  s p e c t r a l  Components of the  flow. 
never the less ,  keep i n  mind the d i s t i n c t i o n  between t h e  radiat-  
ing waves and non-radiating waves a s  ou t l ined  i n  Sec t ion  111. 
The reader should, 
I -* 
The experimental  d a t a  were obtained by auto-  and c ross -  
c o r r e l a t i n g  the acous t i c  f i e l d  i n  the d i r e c t i o n  of the flow. 
Invar iab ly  p o s i t i o n  1 [see Figs. 4, 8 and 91 has been c ross -  
c o r r e l a t e d  i n  t u r n  w i t h  p o s i t i o n s  2 through 7 downstream. 
Auto-correlations were taken a t  each f i e l d  pos i t i on ,  1 through 
7. 
o f  ambient (WOC), 37OoC, and 64OoC respec t ive ly .  
" se t "  i s  used t o  i n d i c a t e  a cond i t ion  of flow a t  a given 
o u t l e t  temperature,]  
speed of sound i n  t h e  j e t  a t  these three temperatures was in  
all cases  about 1.7. With r e spec t  t o  the speed o f  sound i n  
the surrounding a i r ,  t h e  e x i t  Mach numbers were about 1.7, 
2.55 and 3.0, r e spec t ive ly .  
'three sets of tests were performed w i t h  j e t  temperatures 
[The term 
The e x i t  Mach number with r e spec t  t o  the 
The time delays that are required t o  es tab l i sh  cross-  
c o r r e l a t i o n  maxima i n  t h e  d i r e c t i o n  of the  flow lead t o  values  
of t he  mean convective v e l o c i t i e s  i n  the flow. The convect ive 
v e l o c i t i e s  for baffled microphones were computed from the data 
i n  Table T-I1 using t h i s  method. The resu l t s  are summarized 
-28- 
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o f  t h e  convective Mach numbers Mc. 
I -. 
i n  Table I1 
[Hereaf ter ,  
of' sound a, 
i n  terms 
a l l  Mach numbers are w i t h  r e spec t  t o  the speed 




Mach Numbers and Mach Angles 
from the Data i n  Table  T-2, 
Appendix A 
i 
27OC I 370°c I 64OoC 1 P o s i t i o n s  
I 




I 1 I i 
I i I I f 
1.13 
1.19 
1.24 115  - 6  
1.24 
j 1 - 7  
For completeness the  corresponding Mach angles  8, are included 
i n  t h i s  table  as computed from cos Bc = Mc -1 . 
It i s  immediately apparent t h a t  the measured convective 
v e l o c i t i e s  increase  as t h e  sepa ra t ion  between the  r e fe rence  
p o s i t i o n ,  p o s i t i o n  1, and the o the r  p o s i t i o n s  (2-7) increases .  
[This  i s  p a r t i c u l a r l y  evident and c o n s i s t e n t  i n  the sets w i t h  
-29- 
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the  je t  temperatures 37OoC and 64OOC.l 
explained by assuming t h a t  i n  a Siven se t  those eddies  moving 
w i t h  t h e  higher  convective v e l o c i t i e s  have the  longer  l i f e -  
times. T h i s  assumption is p lo t t ed  f o r  a hypothe t ica l  example 
i n  Fig. 1 2 ( a ) .  
T h i s  e f f e c t  may be  
It i s  t o  be expected t h a t  t h e  mean convective r'lm v e l o c i t i e s  
will diminish wi th  d i s t a n c e  downstream. A phys ica l  process  
lead ing  t o  such slawdown can be v isua l ized  a s  f o l l o w s :  The 
p r o b a b i l i t y  of c r e a t i o n  o f  a fast-moving eddy diminishes w i t h  
d i s t ance  downstream. On the  o t h e r  hand, t he  p r o b a b i l i t y  o f  
c r e a t i m  a f  a slower-moving eddy inc reases  w i t h  d i s t a n c e  
dawnstream. T h i s  process i s  i l l u s t r a t e d  f o r  a hypothe t ica l  
example i n  Fig. 12(b). 
Figs.  1 2 ( a )  and ( b )  can n3w b e  made c o n s i s t e n t  w i t h  the res Its 
presented i n  Table 11. O f  those eddies  t h a t  w r e  present  at 
p o s i t i o n  1, only the  raster-moving ones survive t h e  journey 
as t h e  observat ion p a i n t  i s  moved downstream. Thus t h e  c ros s -  
cDr re l a t ions  w i l l  b e  m m e  and nore c o n t r a l l e d  by t h e  f a s t e r -  
moving e d d i e s  a s  the sepa ra t ion  between the  r e fe rence  pos i t i an ,  
p D s i t i m  1, and a downstream p o s i t i o n  i s  increased.  I n  t h i s  
way t h e  increase  i n  t h e  measured convective Mach numbers i s  
explained. T h i s  argument i s  reminiscent  i n  some ways 02 t he  
argcment t h a t  exp la ins  t h e  inc rease  i n  sound speed i n  r a r e f i e d  
gases.- The explana t ion  ma!ces it c l e a r  t h a t  i t  would be 
erroneous t o  deduce f r a m  such measurements t h a t  an increase  i n  
t he  mean convective Mach number occurs i n  t h e  flow w i t h  
increased  downstream dis tance.  
3 1  
An examination of t he  au tocor re l a t ion  da ta  (no t  included here)  
i n d i c a t e s  t h a t  t he  wid ths  D f  t he  au tocDrre la t ion  func t ions  
inc rease  but s l i g h t l y  w i t h  d i s t ance  downstream aver  the  f irst  
-30- 
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t h e  increase  i n  the  width becomes more pronounced.) However, 
as Fig. 1 2 ( b )  i nd ica t e s ,  e d d i e s  w i t h  smaller  and smal le r  con- 
vec t ive  Mach numbers a r e  c rea ted  at greater r a t e s  as one 
proceeds downstream, while t he  r a t e  o f  c r e a t i o n  o f  faster-  
maving eddies diminishes. This suggests t ha t  the  wid ths  of  
t h e  a u t o c o r r e l a t i o n  funct ions should inc rease  wi th  downstream 
d i s t ance ,  The observed increased i n  t he  a u t o c o r r e l a t i o n  a r e  
not  s u b s t a n t i a l  enough t o  correspond t o  changes i n  the con- 
vec t ive  Mach number a t  the s h o r t e r  d i s t a n c e s  downstream. 
( A t  l a r g e r  d i s t ances  downstream 
T h i s  discrepancy can be p a r t i a l l y  resolved by assuming that a 
t y p i c a l  l i n e a r  dimension of the eddies i s  a func t ion  o f  t h e i r  
convective Nach number, w i t h  a dependence such t h a t  t h e i r  
s i z e s  decrease w i t h  a decrease i n  t h e i r  convective Mach 
number. This  conclusion i s  i n  apparent agreement w i t h  the 
f i n d i n g s  o f  Willmarth and Wooldridge r e l a t i n g  t o  t u rbu len t  
boundary layers.5' However, the measurements performed t o  
date cannot lead t o  q u a n t i t a t i v e  values.  Further measurements 
w i th  t h i s  goa l  i n  mind are requi red .  
An a d d i t i o n a l ,  i f  i n d i r e c t ,  i n d i c a t i o n  of  the increase  i n  s i z e  
o f  t h e  eddies  wi th  an increase i n  t h e i r  convective Mach number 
e x i s t s  i n  the c ros s -co r re l a t ion  data. T h i s  i n d i c a t i o n  i s  i n  
the form o f  an inference.  It appears t h a t  t he  width of  the 
c ros s -co r re l a t ion  increases  s l i g h t l y  a s  p o s i t i o n  1 is cor-  
related w i t h  a p o s i t i o n  f u r t h e r  downstream, If t h e  assumption 
i s  c o r r e c t  that  the c ross -co r re l a t ion  s o  obtained becomes more 
and mwe related t o  the  faster-moving eddies ,  then  the 
i n c r e a s e  i n  c ros s -co r re l a t ion  w i d t h  can be explained only by 
assuming t h a t  t h e  eddy s i z e  i s  g r e a t e r  f o r  l a r g e r  convective 
Mach numbers. If t h e  s i zes  of the edd ie s  were independent of 
t h e i r  convective Mach numbers, the  c r o s s - c o r r e l a t i m  width  
would have decreased wi th  d i s t ance  downstream or" the  
r e f e r e n c e  p o s i t  ion  . 
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There i s  one f u r t h e r  check  on t h e  v a l i d i t y  3f the above 
argument i n  the  power spectra .  It i s  gene ra l ly  accepted t h a t  
t h e  cen te r  frequency 0-, ai' a power spectrum a s s x i a t e d  wi th  
eddies  a f  l i n e a r  s i z e  6 and convective Mach number Mc is 
given by : 
I'. 
um6 -a M o c  (5.1) 
The conclusion 3f t h e  preceeding paragraph i s  t h a t  the s i z e  
ai' t h e  eddy increases  with i ts  convective Mach number. There-  
T o r e  i t  i s  reasonable t o  expect that um w i l l  no t  change 
apprec iab ly  with t h e  convective Mach number. 
Furthermore, t h e  width o f  t h e  frequency spectrum L?ro i s  
i n v e r s e l y  propor t iona l  t o  the l i f e t i m e  of  an eddy: 
1 Am * -  
V A 6  'e 
(5.2) 
Since it has been concluded t h a t  t h e  f a s t e r  eddies  have some- 
what longer  l i f e t i m e s ,  their s p e c t r a l  w i d t h  shou ld  be smaller. 
On t h i s  b a s i s  t h e  spectrum car! be expected t o  increase  i n  
width with d i s t a n c e  downstream while i t s  c e n t e r  frequency 
remains unchanged. T h i s  conclusion i s  supported by t h e  
experimental  data  a t  pos i t i ons  c l o s e  t o  t h e  e x i t  (1 through 
3 or 4) ;  it i s  not  supported b;r d a t a  acquired fu i>ther  
downs tream. 
To expla in  the  spec t r a  downstream of pos. 3 o r  4, it is  
necessary t o  assume t h a t ,  al though the s i z e  o f  an eddy may 
depend on i t s  convective Mach number a t  supersonic speeds, 
the  s i z e  l e v e l s  o f f  o r  even inc reases  a s  i t s  convective Mach 
number decreases  below unity.  An a l t e r n a t i v e  measure i s  t o  
-3 2- 
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assume that eddies  assoc ia ted  w i t h  subsonic convective Mach 
numbers a r e  c rea t ed  of various s i z e s ,  w i t h i n  c e r t a i n  l i m i t s ,  
that  are n9t s t rong ly  dependent on convective Mach number. 
These downstream e f f e c t s  could not  be seen i n  the c ros s -  
c o r r e l a t i o n s  determined w i t h  p o s i t i o n  1 as a re ference ,  f o r  
subsonic eddies  are crea ted  and e x i s t  only f u r t h e r  downstream 
o f  t h i s  p o s i t i o n  ( a t  l ea s t  i n  the  flows involving je t  tempera- 
t u r e s  of 37OoC and 54OOC). 
s o n i c a l l y  convected eddies  appears only wel l  downstream, where 
the i r  numbers are s u f f i c i e n t l y  large t o  dominate the s i t u a t i o n .  
Thus the e f f e c t  o f  these sub- 
The r a d i a t i o n  f i e l d  that these  subsonica l ly  convected eddies  
genera te  i s  
features of  Mach waves. 
o f  the  phys ica l  s i t u a t i o n ,  t he  power spec t r a  taken downstream 
a t  f irst  broadens gradual ly  about an  approximately fixed 
c e n t e r  frequency and then,  as the downstream d i s t ance  of the 
p o s i t i o n  of observat ion i s  f u r t h e r  increased (e.g. a t  p o s i -  
t i o n s  5, 6 and 7), t he  lower-frequency content  o f  t h e  spectrum 
inc reases  s u b s t a n t i a l l y .  
i nc rease  i n  the width o f  t h e  a u t o c o r r e l a t i o n  funct ion.  
11 d i f fused"  and does not  possess the clean-cut  
If t h e  above p i c t u r e  i s  r e p r e s e n t a t i v e  
T h i s  should be accompanied by an 
Because of t h e  poor  d i r e c t i o n a l i t y  of the r a d i a t i o n  f i e l d  
produced by eddies convected subsonical ly ,  s i g n a l s  registered 
f u r t h e r  downstream come f r o m  l o c a t i o n s  i n  the f l o w  tha t  may 
extend over a cons iderable  e x t e n t  of the flow. It should a l so  
b e  noted t h a t  t h e  near  f i e l d  a s soc ia t ed  w i t h  non-propagating 
waves from subsonic edd ie s  extends t o  larger d i s t a n c e s  i n  the 
d i r e c t i o n  normal t o  t h e  a x i s  of the  flow than does  the near  
f i e l d  a s soc ia t ed  wi th  non-propagating waves from supersonica l ly  
convect ing eddies. The width of the c ros s -co r re l a t ion  
-33 - 
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func t ion ,  according t o  t h i s  argument, shauld increase  a l i t t l e  
wi th  downstream d i s t ance .  T h i s  i s  indeed observed. The 
a u t o c o r r e l a t i o n  width  should i nc rease  only s l i g h t l y  a t  sho r t  
d i s t ances  downstream b u t  should  increase  more r a p i d l y  a s  the 
d i s t ance  i s  increased. 
observat ions.  
This i s  a l s o  i n  agreement wi th  t h e  
Although t h e  above arguments have shown some q u a l i t a t i v e  
cons is tency  w i t h  the experimental data, they  run  into t roub le  
when q u a n t i t a t i v e  examination is  made. The most s i g n i f i c a n t  
q u a n t i t a t i v e  feature i n  variance wi th  the  above d iscuss ion  i s  
t h a t  t h e  mean d i s t ance  t rave led  by the  eddies ,  before  they 
d i s s i p a t e ,  i s  found f rom the c ros s -co r re l a t ion  measurements 
t o  be somewhat smal le r  i n  the set  of  experiments talcen with 
a j e t  temperature o f  64Ooc than wi th  a j e t  temperature o f  
370°C. 
former set  were higher than i n  the  l a t t e r  s e t .  It i s  d i f f i c u l t  
t o  v i s u a l i z e  a s i t u a t i o n  where, w i th  increase  i n  t h e  e x i t  
ve loc i ty ,  the lifetimes of t h e  eddies  t r a v e l i n g  w i t h  d i f f e r -  
i ng  convective Mach numbers decrease uniformly f a s t e r  than  
t h e  increase  i n  e x i t  veloci ty .  
temperature e f f e c t s  may account p a r t i a l l y  f o r  t hese  changes. 
Anather e f f e c t  t h a t  nay b r i n g  about such changes i s  the  
change i n  the  shear  iii t h e  boundaries between t h e  surrounding 
medium and the  flow as  t h e  mean convective Mach number 
i n c r e a s e s  . 
As Table I1 shows, the convective Mach numbers i n  t h e  
One may specu la t e  t h a t  
Some support  f o r  these content ions may be  found i n  the power 
spec t ra .  It is  observed that the  power s p e c t r a  of' the tes ts  
w i t h  j e t  temperatures DT 37OoC and 640% a r e  q u a n t i t a t i v e l y  
s imi l a r .  Th i s  suggests,  using Eq. (5.11, tha t  the  s i z e s  o f  
t h e  supe r son ica l ly  convected eddies f o r  t h e  j e t  temperature 
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o f  640% a r e  uniformly smaller than  those f o r  the j e t  tempera- 
t u r e  of 37OoC. 
s h o r t e r  l ifetimes i s  general ized,  the data a r e  p a r t i a l l y  
accounted f o r .  Such an argument suggests  t h a t ,  i n  a flow w i t h  
a supersonic v e l o c i t y  of  t h e  type considered here, the t r a n s i -  
t i o n  f r D m  mean supersonic t o  mean subsonic flow cond i t ions  
occurs a t  a d i s t ance  downstream tha t  is  only s l i g h t l y  
dependent on the e x i t  veloci ty .  
If the r u l e  that  t h e  smaller eddies  possess  
F ina l ly ,  another  e f f e c t  that i s  unaccounted f o r  and tha t  may 
p lay  an  important r o l e  here i s  tha t  a s soc ia t ed  wi th  the  Mach 
angle. If the flow f i e l d  i s  an i so t rop ic ,  its s p e c t r a l  compo- 
n e c t s  i n  one c r o s s  s e c t i o n  o f  the  (&,u)-space may d i f f e r  from 
those  i n  another.  Since t h e  cross s e c t i o n  that  radiates 
depends on the Mach angle,  which i n  t u r n  depends on the con- 
vec t ive  Mach number, some d i f f e rences  i n  the c o r r e l a t i o n s  
t h a t  depend on the Mach angle may be introduced. 
This  conclusion has important impl ica t ions  t o  t h e  acous t i c  
power r a d i a t i o n  from supersonic rocke t  f low.  It suggests  t h a t  
the  volume occupied by the  supersonic p o r t i o n  D f  the  flow does 
n o t  grow with increas ing  e x i t  ve loc i ty .  Thus t he  r e l a t i v e  
c o n t r i b u t i o n  from Mach waves t o  the t o t a l  power radiated may 
even decrease w i t h  an increase  i n  t h e  e x i t  f l D w  ve loc i ty .  
However, f u r t h e r  experimental  and t h e o r e t i c a l  programs 
designed t3 study t h i s  p rob lem i n  g r e a t e r  d e t a i l  a r e  
necessary  . 
The remaining par t  o f  t h i s  s e c t i o n  i s  devoted t o  a cursory  
examination of the reasons f o r  the f a i l u r e  t o  o b t a i n  some of  
the expected experimental  data,  and t o  suggest ing poss ib l e  
avenues f o r  fur ther  experimental r e sea rch  work. 
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The i n i t i a l  experiments, those conducted w i t h  a je t  tempera- 
t u r e  of Z 0 C ,  f a i l e d  t o  show the expected c h a r a c t e r i s t i c  f o r  
normalized c ross -co r re l a t ion  as  a func t ion  of microphone 
separat ion.  In  p a r t i c u l a r ,  the amplitucles of the cross- 
c o r r e l a t i o n s  were r e l a t i v e l y  small when the sepa ra t ion  
between p o s i t i o n  1 and another p o i n t  i n  the downstream d i r e c -  
t i o n  was small. Examination of  t h e  experimental  arrangement 
shows that the microphone a t  p o s i t i o n  1 was set sa that it 
i n t e r s e c t e d  the a x i s  o f  the je t  a t  the e x i t  a t  45'. 
Table I1 shows, Mach waves that  impinged on t h a t  microphone 
possessed t h i s  very angle. It i s  doubt fu l  t ha t  much of the 
s t r e n g t h  of the Mach waves a t  the appropr i a t e  e x i t  v e l o c i t y  
had t h i s  d i r e c t i o n a l i t y  [see Table 111. Thus the microphone 
a t  p o s i t i o n  1 i n  t h i s  t e s t  received only a small f r a c t i o n  of 
the generated Mach waves. 
As 
T h i s  conten t ion  appears t o  be supported b y  t h e  msasured power 
spec t ra .  The power spec t ra  f o r  the tes t  with a j e t  tempera- 
t u r e  of 27OC d i f f e r  f r o m  those obtained f o r  the tes t s  with 
get temperatures  of 37OoC and 64OOC. 
s t a n t i a l  a t  small d i s t ances  downstream o f  the re ference  
pos i t i on ,  p o s i t i o n  1, s p e c i f i c a l l y  a t  p o s i t i o n s  1 t o  3. The 
high-frequency content  i n  these power s p e c t r a  i s  somewhat 
suppressed. 
This  d i f f e rence  i s  sub- 
This may account, i n  p a r t ,  f o r  the f a i l u r e  t o  obta in  reason- 
able c o r r e l a t i o n  decay r a t e s  i n  the tes ts  a t  u o C  j e t  tempera- 
t u r e .  
microphone separa t ions ,  i t  may be argued that a t  l a r g e r  
s e p a r a t i o n s  the surv iv ing  eddies are those t h a t  i n i t i a l l y  
con t r ibu ted ,  i n  some measure, t o  the s i g n a l  a t  p o s i t i o n  1 and, 
s i n c e  t h e y  possess  t h e  higher convective Mach numbers, they  
are  a s soc ia t ed  w i t h  t h e  l a r g e r  Mach angles.  
As t o  the reasons f o r  the par t ia l  recovery a t  l a r g e r  
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It i s  i n t e r e s t i n g  t o  no te  that  shadowgraphs taken a t  an 
ambient j e t  temperature show "Mach waves" emanating a lmos t  
exc lus ive ly  from no farther than  one o r  two diameters  down- 
stream of  t he  j e t  e x i t .  E s s e n t i a l l y  none o f  these waves can 
be traced t o  l o c a t i o n s  farther downstream. If the  shadow- 
graphs r e f l e c t  t he  a c t u a l  Phch wave f i e l d ,  the c ros s -  
c o r r e l a t i o n  observed a t  t h e  larger sepa ra t ions  appear t o  be 
a r t i f a c t s .  
shadowgraphs taken with t h e  j e t  a t  a temperature of 370' 
c l e a r l y  show a "Mach waves'' f i e l d  that i s  d i s t r i b u t e d  as  
though it emanated from as far  as 4 t o  5 diameters downstream. 
This  i s  i n  good q u a l i t a t i v e  agreement with the c ross -cor re la -  
t.201i m c a s u r e i n e I i t s  a t  elevated j e t  temperatures. 
I n  t h i s  connection it is  worth mentioning that 
In  view of  t he  d iscuss ions  above, the following a d d i t i o n a l  




Cross-correlate  t he  downstream pressure  w i t h  
successive downstream p o s i t i o n s  a s  a re ference ,  
s t a r t i n g  w i t h  p o s i t i o n  2. This  should i n d i c a t e  
whether the  above assumptions wi th  regard t o  the  
eddy l i f e t i m e s ,  s i z e s  and c r e a t i o n s  are reasonable.  
Moreover, should t h e  edge e f f e c t s  of t h e  exhaust 
nozzle be important, they  w i l l  be p a r t i a l l y  elimi- 
nated by t h i s  ana lys i s .  
Make a more c a r e f u l  a n a l y t i c a l  study of t h e  processed 
d a t a  s o  that some q u a n t i t a t i v e  t e s t  o f  the  arguments 
set f o r t h  above can be made. 
Ascertain,  i f  p o s s i b l e ,  the  c e n t e r  frequency and the 
s p e c t r a l  w id th  o f  the frequency spectrum t h a t  i s  most 
c l o s e l y  related t o  the  c ros s -co r re l a t ion  
measurements. 
-37 - 
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Further experimental  observat ions that appear worthwhile a r e  
below: 
Fur ther  examine the d i r e c t i o n a l i t y  of  t h e  microphones. 
T h i s  i s  impcrtant i n  o rder  t o  optimize the  observa- 
t i o n  of  Mach waves. 
Search f o r  the optimum d i s t ance  from t h e  j e t  a x i s  a t  
which data should be obtained. 
e x i t  veloci ty .  
This  may vary wi th  
Take measurements along c a l c u l a t e d  Mach angles.  
may help  t o  e s t a b l i s h  a correspondence between 
shadowgraphs and microphone data. There i s  also a 
p o s s i b i l i t y  o f  e s t a b l i s h i n g  e f f e c t s  that  may b e  
a s soc ia t ed  with d i f f r a c t i o n  due t o  the d i s c o n t i n u i t y  
i n  t h e  speed of sound a t  the boundary of the flow. 
T h i s  
I + -  
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S p a t i a l l y  r e v e r b e r a n t  v i b r a t i o n a l  
f i e l d  on a s e m i - i n f i n i t e  p l a t e  
R i g - i d  s u r f a c e  
I y 2  
Y ' Y ,  
S p a t i a l  
c r o s s -  
c o r r e l a t i o n  
1 = c o r r e l a t i o n  d i s t a n c e  
Y = Y ,  
I I 
~ 
F I G U R E  1 .  
S P A T I A L  C R O S S - C O R R E L A T I O N  OF A B O U N D E D  D I S T U R B A N C E  




~ _ _  
BOLT BERANEK 8 NEWMAN INC 
w 
F I G U R E  2.  
A, B, C A N D  D R E G I O N S  OF C O N C E N T R A T E D  S P E C T R A L  
C O M P O N E N T S  A S S O C I A T E D  W I T H  A S I N G L E  P O I N T  I N  
A D I S T U R B A N C E  M A P P E D  O N  A C R O S S  S E C T I O N  OF 
T H E  ( k  w ) - S P A C E .  T H E  C R O S S  S E C T I O N  IS D E F I N E D  
B Y  THI'ANGULAR C O - O R D I N A T E S  e A N D  +. 
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.- 
e x p  i ( k y - u t )  _I+ 
- 1  112 
k = ~ w  'I2 , c i s  a c o n s t a n t  i n d e p e n d e n t  of w 
a = c  w 
P 
W 
- a  
F I G U R E  3. 
S I N G L E  T R A V E L I N G  W A V E  O N  A N  I N F I N I T E  PLATE. 
F I G U R E S  ( a )  , ( b )  A N D  ( c )  P R E S E N T  A S P E C T R A L  A N A L Y S I S  
A S S O C I A T E D  W I T H  A S I N G L E  P O I N T  I N  T H E  D I S T U R B A N C E  
P L O T T E D  I N  T H E  ( k  , w )  - S P A C E  
N 
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P o s i t i o n s  o f  
m e a s  u r e m  e n  t s 
6 " c  N o z z l e  
T h e  f l o w  c o n f i g u r a t i o n  
w 
- u, cos 
0 
E n d - o n  
v i e w  
F I G U R E  4. 
S P E C T R A L  A N A L Y S I S  O F  A D I S T U R B A N C E  A S S O C I A T E D  W I T H  
A S I N G L E  P O I N T  I N  T H E  F L O W  P L O T T E D  I N  T H E  ( k  w )  - S P A C E  
h)' 
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( C )  
F IGURE 5. 
S P E C T R A L  A N A L Y S I S  OF A D I S T U R B A N C E  A S S O C I A T E D  W I T H  
A S I N G L E  P O I N T  I N  T H E  F L O W  P L O T T E D  I N  T H E  ( k  w ) - S P A C E  
( a )  - M a c h  w a v e  c o n d i t i o n s  
4' 
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I-- I n t e r f e r e n c e  
F I G U R E  6 ,  
T H E  E F F E C T S  ON T H E  M A C H  W A V E S  D U E  T O  A S P E C T R A L  
W I D T H  I N  T H E  C O N V E C T I V E  V E L O C I T I E S  I N  T H E  F L O W  
I * -  
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I - -  Ay = D i f f e r e n t i a l  d i s t a n c e  
d o w n s t r e a m  
= M a x i m u m  a v e r a g e  
d i s t a n c e  t r a v e l e d  *Ymax 
0- i -. 
x 
tu -0.1 - 
E b y  a n  e d d y  
M = A v e r a g e  c o n v e c t i v e  
Mach number a t  
p o s i t i o n  1 
c 1  ~ a" -0.2 \ 
I a -0.3 - - 
0 -0.4- M = C o n v e c t i v e  Mach 
A n u m b e r  of  u n i f o r m l y  
-0.4 -0.3 -0.2 -0.1 0 m o v i n g  s e t  of  e d d i e s  
-0.5 
7 
Log ( M  /M 1 c c 1  
( a )  
8 = L i n e a r  s i z e  of e d d i e s  
y = D o w n s t r e a m  d i s t a n c e  
= M e a c u r e m e n t  p o s i t i o n  1 Y l  
yl 
( b )  Y 
t u 1  I I ,  
t 0.5 0.7 I .o 
( C )  
FIGURE 12 
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t e x t  
a. 
b.  
C e  
d. 
e. 
A l l  o f  the  d a t a  acquired and processed under t h i s  c o n t r a c t  are 
presented i n  t h i s  appendix. A key t o  the organiza t ion  o f  t h e  
d a t a  i s  given i n  Table I and descr ibed i n  Sec t ion  N-C of t h e  
In  b r i e f :  
J e t  no i se  s p e c t r a l  data  a r e  presented i n  Figs ,  A-1 
through A = l l .  
Jet  =noise c ros s -co r re l a t ion  data a r e  summarized i n  
Table T-1. 
The more s i g n i f i c a n t  je t -noise  c r o s s - c o r r e l a t i o n  da ta  
are a l s o  i l l u s t r a t e d  i n  Figs.  A - 1 2  throuzh A-33. 
The r e s u l t s  of loudspeaker-noise tes ts  f o r  microphone 
s c a t t e r i n g  a r t i f a c t s  are  summarized i n  Table T-2. 
The r e s u l t s  of loudspeaker-noise tes ts  of  the effects  
of micmphone p ro tec t ive  g r i d s  are summarized i n  
Table T-3. 
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Appendix A 
Table T-2 
Par t  1 
EFFECT O F  MICROPHONE BAFFLE 
FOR THREE ANGLES OF SOUND INCIDENCE 
A. Normal Incidence of Sound on Microphone P a i r  -mats scaled t o  Equivalent 1/4" Microphone Case) 
Microphone separa t ion :  1/2"; Temperature 82'F 
Frequency Band o f  Noise 
C r o s s  Cor re l a t ion  
without b a f f l e  : 
z max without b a f f l e  
Cross Cor re l a t ion  
wi th  barf l e  : 
T max with  b a f f l e :  
IIIdeal" Cross 
Cor re l a t ion  : 







32  KC 50 KC 
1/3 Octave Octave 
1.03 1.00 
2 wec .  2 wec .  
1.0 0.99 
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Table T-2 ( con t )  
P a r t  1 
B. Grazin Incidence c~i' Sound on Microphone P a i r  
. d t a  scaled t o  equivalent  1/4" microphone case )  
Microphone separa t ion :  1/2"; Temperature 8 2 ' ~  
Frequency Band o f  Noise 
Crms Cor re l a t ion  
without baffle : 
25 KC 3 2  KC 50 KC 
Octave 1/3 Octave Octave 
T max without b a f f l e :  37 Clsec. 37 Clsec. - 
C r o s s  Comela t ion  
wi th  b a f f l e :  1.0 0.965 0.95 
T max wi th  baffle:  37 wsec. 38 wsec. 37 wsec. 
" Idea l"  Cross 
Cor re l a t ion  : 1. 0 1.0 1.0 
Idea l "  z max 36 wsec. 36 wsec. 36 w e c .  
11 
C. 40' f rom Normal Saund Incidence on Microphone P a i r  
hicrophone Separa t ion  : 1/2"; Temperature 82°F 
A l l  d a t a  scaled t o  equivalent  1/4" microphme case.)  
Frequency 3and o f  Noise 
C r o s s  Cor re l a t ion  
w i t h o u t  baffle : 
T max without b a f f l e :  
C r o s s  Cor re l a t ion  
w i t h  b a f f l e  : 
T max w i t h  b a f f l e :  
I d e a l "  Cross 11 
C 3 r r e  l a  t ion : 
" Idea l "  z max 
25 KC 32 KC 50 KC 
Octave 1/3 Octave Octave 
- 0.98 0.95 
- 25 gsec. 25 xsec. 
1.02 0.97 0.96 
25 w e c .  26 wsec. 26 psec. 
1.0 1.0 1.0 
23 wet. 23 wet. 23 wsec. 
A-4 
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Table T-2 
P a r t  2 
EFFECT O F  MICROPHONE BAFFIX 
FOR DIFFERENT MICROPHONE SEPARATIONS 
( A l l  Data Scaled t o  equivalent  1/4" microphone c a s e )  
NORMAL SOUND I N C I D E X C E  
Microphone Separa t ion  
1/4 in, 1/2 in, 
25 KC Octave 
Cross c o r r e l a t i o n  
without baffle : 
z max without b a f f l e :  
Cross c o r r e l a t i o n  
w i t h  baffle: 
z max w i t h  baffle: 
32 KC 1/3 Octave 
Cross c o r r e l a t i o n  
without baffle : 
z max without b a f f l e :  
Cross c o r r e l a t i o n  
with baff le  : 
T max wi th  baff le :  
0. 95 
1 psec. 
A - 5  
I - -  
I -. 
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Appendix A 
Table T-3 
EFFECT O F  MICROPHONE PROTECTIVE GRIDS 
FOR NORMAL SOUND INCIDENCE: WITHOUT BAFFL;E 
(All d a t a  scaled t o  equivalent  1/4" microphone case.)  
1/4 inch spacing, 25 KC Octave 
Cross c o r r e l a t i o n  
T max., qsec. 
1/4 inch spacing, 3 2  KC 1/3 Octave 
C r o s s  c o r r e l a t i o n  
7 max., psec. 





Without G r i d s  
0.985 
1 wsec. 
A 4  
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